We present a new three and four level double resonance spectroscopy in the microwave region. A pulsed pump radiation and Fourier transform technique for detection of the signal radiation is used. This method is complementary to that using continuous microwave pump radiation.
Introduction
Recently we showed that microwave (MW) double resonance experiments can be performed with microwave Fourier transform (MWFT) techniques [1] . In our first experiments we used a continuous microwave (CW) pump radiation. One observation is that the transient emission signal in the presence of a CW pump radiation decays faster. This results in an additional line broadening, as can be seen in Fig. 3 of [1] , In this paper we present an extension to pulsed MW pump radiation. Switching off the pump radiation during the period of polarization of the molecular ensemble and the measuring time of the transient emission signal the additional line broadening can be avoided. So the high resolution of the MWFT spectroscopy can be maintained.
Experimental
The construction of our standard MWFT spectrometer was reported in detail in [2] [3] [4] , For microwave microwave double resonance spectroscopy we made some changes in our experimental set up.
The MW switch control has to be modified for the double resonance technique. Other changes and the general set up are given in Figure 1 .
We use also a new averaging system with a maximum repetition rate of 26 kHz for the experiments collecting 1024 data points during each measuring cycle.
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a) Pump pulse generation
The phase stabilized K-band MW source (1 in Fig. 1 *) was pulse modulated by a MW switch 17 and amplified to a maximum level of about + 30 dBm. Fhe MW switch is specified for frequencies up to 18 GHz, but it was used in the whole K-band up to 26.5 GHz without deterioration of the pulse shape. The pump pulse reaches the sample cell via a special X-band coax to waveguide transition 12. A K-band waveguide was introduced on its back side as shown in Figure 2 . The X-band isolator 22 did not disturb the experiment.
b) Signal pulse generation
The phase stabilized X-band MW source 13 was pulse modulated by a special technique called phase alternating pulse sequence (PAPS) 18, 19 (see also Figure 3 ). By this technique the phase of the transient emission signal is alternated by 180 degrees. Alternating also additions and subtractions in the signal averaging system samples only the emission signal and cancels coherent disturbances to a large extent. By using sequences of pulse pairs of each phase an influence of the transient emission signal following the foregoing pulse is eliminated. This method is used in NMR spectroscopy and described in more detail below.
Signal detection
Because the pump radiation may damage the MW preamplifier 24 we inserted one (or two) lowpass Filters 23 in front of the detection system. The * Numbers refer to Fig. 1 
Signal averaging system
The speed of our new signal averager 40 was increased by use of faster digital circuitry and averaging the sampled data points by four channels in parallel as shown in Figure 4 . Because most of the transient emission signals have a signal to noise ratio less than 1/2 we use a one bit digital transient recorder with a 1024 data points memory and sample rates of 10. 20, 50 or 100 ns. The sample rate circuitry is synchronized to the 10 MHz system frequency by frequency multiplying. The signal averaging system and the microwave switch controller 42 are connected to a minicomputer controlling the whole system.
Pulse sequences for double resonance experiments
A simplified diagram of the pulse sequences and signal averaging modes is shown in Figure 3 . The First experiment was made with a pump pulse train as shown in line la. The pump pulse length is adjustable from 1 ps to 18ps. Approximately 0.1 ps after the end of each pump pulse the signal pulse for preparing the molecular ensemble was generated 1 b and phase alternated according to 1 c. After collecting the data from one transient emission signal an averaging by adding or subtracting synchronized to the phase alternation starts. Depending on the pump pulse length one experiment takes a time between 40 and 60 ps. The following four equations give the recorded signals.
is the transient emission signal under measurement, f p (t + r) is that remaining from the foregoing pulse, the index p indicates that the MW pump pulse was generated and r is the experiment repetition time:
Adding and subtracting the signals results in
The second experiment was made by omitting each second pulse pair and the phase changes as given in Fig. 3 (2 a. 2 c) . Fhe data collection results with a consideration similar to 1 in a signal of 2(/p(/)-/(/)), where f\t) is the decay function without pump pulse influence.
Three level double resonance
We tested the spectrometer with carbonyl sulfide, OCS, its isotopic species and allylcyanide-gauche. CH 2 =CH-CH 2 -CN. We demonstrate the performance with spectra of the latter substance. The level system is shown in Fieure 5 a. .27 and 8332.77 MHz) are unchanged. We conclude that they are negligibly influenced by the pump radiation.
In Fig. 7 a the measurement of Fig. 6a was repeated with a different length of the polarizing signal pulse. The double resonance spectrum of Fig. 7 b resulted by applying a pump pulse with 19459.480 MHz and 100 mW of 18 ps length ending 0.1 ps prior to the polarizing signal pulse (see Figure 3 a ). The transition 7 2 6-817 increases by a factor 2.5, which was calculated by refering to the other four lines.
Assuming saturation of the 8 i7 -8o8 transition, which was checked experimentally by increasing the pump power, a factor of (1 + v s /2v p ) 2 = 4.7 may be calculated assuming Boltzmann distribution before the onset of the pump pulse. As a power spectrum is recorded, the relative change in occupation number difference has to be squared. The calculated value must be considered as an upper limit, as there is a delay between the pump and polarizing pulse. It may be mentioned that the signal transition does not change in line width.
Under certain conditions the pulse method may be superior to the CW method [1], This is demonstrated in Figure 8 . In Fig. 8a a CW pump radiation was applied at a higher sample pressure of 1.2 mT. The 7 2 6-817 transition cannot be observed clearly. As a decrease of pump power (Fig. 8 b) to 30 mW increases the intensity of the 7 26 -817 transition, we assume, that the additional relaxation due to inhomogeneous pump field makes the transient emission unobservable, before its measurement starts. A pump and signal pulse sequence, as given in Fig. 3, part 2 , was used. Only the 7 26 -8n transition can be observed. The three other lines are eliminated, which ensures again that they are not influenced by the pump.
We like to remark that the difference spectrum is weaker as it may be estimated from the signal to noise ratio in Figs. 7 a and 7 b. But calculating the relative amplitude of the power spectrum of the difference signal using the measured value of f p (t)/f(t) = /l5~(see above) one gets with 2(J p (t) -f(t)/4f(t)) 2 a value of 8.5% in good agreement with the measured signal. 
Four level double resonance
Four level double resonance experiments were performed with the 7 2 6-8 17 signal and the 8o8~7 J7 pump transition, as indicated in Figure 5 b. Only first order dipolar collision induced transitions of /^-type are present within these four levels.
As can be seen from Fig. 10 the intensity increases by approximately 19% by applying the pump radiation. The resonant pump frequency may also be found by variation of v p . The value is near to the value measured by Stark spectroscopy to 25 375.854 MHz [5] for the 8 08 -7, 7 transition. The difference spectrum could not be observed clearly in this case. 
Theory
For a signal pulse with 2 Q t\ = n/2 one obtains:
F s (^/ 2 ) = -(IF°+ W\l 2).
One gets finally:
For the arrangement of levels as given in Fig. 5 If it is possible to produce a pump 7r-pulse the initial condition (5) of the transient emission changes to V t itJ = -{W« + Wl)
which should give an increased effect.
From the above equations it is obvious that there is the possibility to increase the sensitivity of the spectrometer by transfering higher occupation number difference from high frequency transitions by applying high frequency pump pulses.
Summary
We think that pulsed microwave microwave double resonance spectroscopy is feasible. The pulsed pump and continuous pump technique need further development to be an as useful tool as double resonance in normal microwave spectroscopy.
